Selectable marker genes facilitate selection of apparently transformed cells from a large population of nontransformed cells. To aid in rice transformation, a number of selectable marker genes have been tested so far (5, 10) . However, the hph4 gene remains the only effective selectable marker for consistent recovery of transformed cells and efficient production of fertile transgenic rice (Oryza sativa) plants (11, 19) .
ALS is the first common enzyme in the biosynthetic pathway of branched-chain amino acids, leucine, isoleucine, and valine. Sulfonylurea herbicides inhibit ALS as a competitive inhibitor (3) . A mutant ALS gene (csrl-l) was isolated from sulfonylurea-resistant mutant line GH50 of Arabidopsis thaliana (8 from C to T at nucleotide 870 relative to the initiation codon in the ALS coding sequence and leads to a proline to serine substitution in a conserved region of the ALS amino acid sequence (9, 12) . The mutant enzyme had much lower affinity to sulfonylurea herbicides in Arabidopsis. The mutant Arabidopsis ALS gene has been used to transform tobacco and Brassica napus and conferred to heterologous dicotyledon cells the sulfonylurea resistance (4, 7, 16, 17) .
We demonstrate here that the mutant ALS gene is efficiently expressed under control of the CaMV 35S promoter in transgenic rice cells, conferring transformed cells at least 200-fold greater resistance to chlorsulfuron than nontransformed control cells. We obtained essentially comparable apparent transformation frequency using either the hygromycin or chlorsulfuron resistance genes. One advantage of using the chlorsulfuron resistance gene is that effective selection for transformants was achieved at 10 nm. This concentration for chlorsulfuron is almost 10,000-fold lower than that used for hygromycin. Based on these results, we conclude that the mutant ALS gene of A. thaliana is an alternative selectable marker gene to the hygromycin resistance gene for rice protoplast transformation and fertile transgenic rice production.
MATERIALS AND METHODS
Plant Materials and Plasmid DNA Mature seeds of the rice (Oryza sativa L.) cultivar Nipponbare were used to generate suspension culture for protoplast isolation as described (13, 14) . Nurse cells used for protoplast propagation were derived from a prolonged suspension culture of the rice cultivar Labelle, kindly provided by Dr. M. C. Rush of our department. The mutant Arabidopsis ALS gene, csrl-l, conferring resistance to sulfonylurea was kindly provided as pGH1 by Drs. G.W. Haughn and C.R. Somerville of Michigan State University (9) . Hygromycin resistance genes in pTRA131, -132, and -141 were described elsewhere (11, 22 (11) . Ten-microgram samples of digested DNA were fractionated by 0.8% (w/v) agarose gel electrophoresis and transferred to Nytran nylon membrane (Schleicher and Schuell). Radiolabeled DNA probes were prepared by a modified oligolabeling procedure (18) . After hybridization, blots were washed twice at 650C in 0.1 x SSC (3.0 M sodium chloride and 0.3 M sodium citrate, pH 7.0) for 30 min.
Northern Blot Hybridization
Approximately 150 ,ug of total RNA was isolated from 1 g of 4-d-old suspension cells using a modified method of Wadsworth et al. (20) . Five or ten micrograms of total RNA were fractionated in 1% (w/v) agarose gel containing formaldehyde. Fractionated RNA were transferred to Nytran nylon membrane. Hybridization and washing conditions were as described above. The sizes of hybridized RNA species were estimated based on the positions of 18S and 25S rRNA separated in the same agarose gel.
RESULTS

Introduction of Sulfonylurea Resistance Genes into Rice Protoplasts
Two sulfonylurea resistance genes, a native ALS (pTRA133) and the 35S/ALS gene (pTRA153), were introduced into rice protoplasts. As presented in Figure 1 , these plasmids carry the 2.0-kb coding and 1.2-kb 3' downstream regions of the mutant ALS gene isolated from sulfonylurearesistant A. thaliana (8, 9) . Expression of the ALS gene is under control of the 2.7-kb native Arabidopsis promoter in the native ALS gene (pTRA133) and under control of the CaMV 35S promoter in the 35S/ALS gene (pTRA153). In addition, these plasmids contain a hygromycin resistance gene as an initial selectable marker. After selection of apparent transformants, hygromycin-resistant cell lines were maintained in liquid general medium for 2 months and then used for DNA and RNA extraction and for the quantitative callus growth test, as described below. Transferred DNA Analysis We first evaluated these apparently transformed cell lines to see whether transferred plasmid DNA was integrated into the rice genome and, if so, to estimate its structure and copy number. Total DNA was isolated from suspension cell lines for Southern blot hybridization analysis. DNA preparations from four N133 cell lines were digested with EcoRI and hybridized with the first probe, P1, a 0.92-kb NcoI-EcoRI fragment corresponding to a 5' half of the Arabidopsis ALS coding sequence ( Fig. 2A) . EcoRI digestion should release from integrated pTRA133 a 2.1-kb fragment corresponding to the 1.2-kb 5' upstream and 0.92-kb coding sequence of the Arabidopsis ALS gene ( Fig. 2A) . Southern analysis indi- cated that the expected 2.1-kb signal (indicated by an arrow) was detected in three out of four N133 cell lines (Fig. 2B , lane 2, N133-2; lane 3, N133-3; and lane 5, N133-5). The fourth cell line (N133-4) had a 6.7-kb hybridization band (Fig. 2B, lane 4) , suggesting that the EcoRI site at either end was lost. The absence of detectable cross-hybridization with rice DNA from nontransformed control cells suggests that the 5' half of the Arabidopsis ALS coding sequence is sufficiently divergent from the resident rice ALS sequence (Fig. 2,  B and C, lane 1, NB) Similarly, DNA samples from four N153 cell lines were digested with PstI and EcoRI. The expected 1.3-kb signal (indicated by an arrow), representing the 0.36-kb 35S promoter and the 0.92-kb ALS-coding sequence, was detected in all four N153 cell lines (Fig. 2B, lane 6, N153-1 ; lane 7, N153-2; lane 8, N153-3; lane 9, N153-4).
To determine whether these transformants also contain the hph gene, the same blot was washed and rehybridized with a second probe P2, a labeled 1.1-kb BamHI fragment corresponding to the hph coding sequence (Fig. 2A) . The expected 1.2-kb signals (indicated by the bottom arrowhead) were detected in EcoRI-digested DNA from all four N133 cell lines (Fig. 2C, lanes 2-5) , but the second predicted fragment of 1.8 kb (indicated by the top arrowhead) was evident in only N133-2 (lane 2) and N133-5 (lane 5). Extraneous high mol wt signals in N133-2, -3, and -5 (lanes 2, 3, and 5) may be due to partial digestion of rice DNA. One 1.7-kb signal (indicated by the middle arrowhead) was shown in EcoRI/ PstI-digested DNA of all four N153 cell lines (Fig. 2C, lanes  6-9) . Densitometric analysis with copy number controls (Fig.  2 , B and C, lane 10, one copy, lane 11, five copies reconstruction) indicated that all eight hygromycin-resistant cell lines that were examined contain both the mutant Arabidopsis ALS and hph gene, with the copy number ranging from one to three copies per diploid genome.
Arabidopsis ALS RNA Expression Analysis
To demonstrate RNA expression of the Arabidopsis ALS gene in transgenic rice, total RNA was isolated from transformed cell lines N132-1, N133-4, and N153-4, and nontransformed control cells. After hybridization with labeled DNA probe P1 containing the 5' half of the ALS coding sequences ( Fig. 2A) , a single signal (indicated by the arrowhead) was detected in RNA from N153-4 cells containing the 35S/ALS gene (Fig. 3, lanes 4 and 8) . The size of the hybridized RNA species in N153-4 samples was approximately 2.2 kb, nearly identical to the size of mature Arabidopsis ALS transcript demonstrated in transgenic tobacco (17) . No hybridization signal was detectable in nontransformed control cells (Fig. 3, lanes 1 and 5, NB) Figure 5 , complete cessation of cell growth was observed at 3 and 10 nm. These nontransformed microcalli maintained a normal appearance at the lethal concentrations Chlorsulfuron has been used for direct selection of transformed tobacco leaf disc callus (7) and of maize callus transformed with the maize ALS gene under control of the 35S promoter (6) . Chlorsulfuron-resistant maize calli were regenerated into fertile transgenic plants. In these cases, selection of calli was accomplished at 50 to 200 nrm chlorsulfuron. We achieved direct selection of protoplast-derived rice microcalli at a much lower concentration of 10 nm chlorsulfuron. This highly specific inhibition by chlorsulfuron may assist in reducing detrimental effects on the selected cells, as observed by aminoglycoside antibiotic selection. Chlorsulfuron-resistant tobacco and B. napus containing the mutant Arabidopsis ALS gene were also resistant to other sulfonylurea herbicides having degradation rates 20 to 50 times faster than chlorsulfuron (2, 7) . It remains to be investigated whether chlorsulfuron-resistant transgenic rice had similar cross-resistance to other sulfonylurea herbicides.
Chlorsulfuron has low residual rate and short half-life, and serves as one of the ideal low-toxicity herbicides in weed control of cereal corps. 
